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OF SHARP LEADING EDGES ON AIRPLANE WINGS

By Fred E. Weick and Nathan F. Scudder

SUMMARY

An investigation with special reference to autorota-
tion and spinning was conducted in two wind tunnels and in
flight to find the aerodynamic effects of adding a sharp
leading edge to a wing section.

In the wind-tunnel investigation free-autorotation
tests, forced-rotation tests, 'and 1ift and drag tests were
made on modifised Clark Y airfoils in the 7 by 10 foot wind
tuanel, and check tests on the lift and drag characteristics
at seversl values of the Reynolds Number were made in the
variable-density wind tunnel. Two different forms of sharp
leading edge were tried. Both reduced the maximum unstable
rolling moment tending to start auntorotation, but neither
had a substantial effect on the final rate of free autoro-
tation.

In the spin tests in flight, which were made on a
small training biplane, the sddition of sharp leading
edses produced favorable effects, causing a decrease in the
angle of attack and rate of rotation and making the con-
trols more effective. The flight and wind-tunnel tests
agreed in showing that the use of the sharpy leading edges
is accompanied by a substantial reduction in the maximum
1ift coefficient.

INTRODUCTION

Two commercial zirplane manufascturing organizations
have recently reported the elimination of undesirable spin-
ning cheracteristics of certain of their airplanes by add-
ing sharp leading edges to the wings. Since these reports,
tests have been made in the variasble-density wind tunnel on
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the 1ift and drag charascteristics of a Gbttingen 398 air-
foil with two different sharp leading edges added. (Refer-
ence l.) With either of the sharp leading edges the maxi-
mum 1ift coefficient was reduced to the point where there
was little negative slope to the curve of 1ift coefficient
against angle of attack beyond the stall, indicating that
the tendency to autorotate had been consideradbly reduced.

The investigation has been extended by finding the ef-
fect of a sharp leading edge on.the autorotational charac-
teristics of an airfoil in a wind tunnel and slso on thae
spinning characteristics of an airplane in flight. The
wind-tunnel exzperiments include both free-autorotation tests
and forced-rotstion tests, as well as 1lift and drag tests
in the 7 by 10 foot atmospheric wind tunnel. The basic air-
foil used in these tests was the Clark Y and two different
sharp leading edges esgentially similar to those used on
the GBttingen 298 airfoil in the varlable-density wind tun-
nel tests were added., The tests of the modified Clark Y
airfoill in the 7 by 10 foot tunnel, however, showed greater
negative slope to the 1ift curve atl_angzles of attack Jjust
above the stall than would have been ezpected from the va-
riable-~density tunnel tests on the modified Gbttingen 398,
In order to obtain a direct check on this point additional
tests were made in the varilable~density tunnel on the mod-
ified Clark Y section having the sharper of the two sharp

leading edges tested in the 7 by 10 foot tunnsl.

In the flight tests, messurements were made to deter-
mine the effect on the steady spin and on the performance
in normal flight of the addition of a sharp leading edge,
corresnonding to the sharper of the two used in the wind-
tunnel tests, to the wings of a smell Dbiplane., The effect
of the sharp nose on the performance of the airplane was
obtained by simple measurements of the minimum speed in
glicing flight and of the maximum speed in level fligat.

The results of all the above-mentioned tests are given
in this paper, the msterial being divided for convenience
into two parts, Part I dealing with the wind-tunnel tests
and Part II dealing with the flight tests.
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PART I - WIND-TUNNEL TESTS SHOWING EFFECT ON
LIFT, DRAG, AND AUTOROTATION

By Fred EB. Weilck
Apparatus and Methods

Tests in the 7 by 10 foot tunnel.~- The sharp-nosed
models were formed by adding Plasticine to the leading edge
of a2 10 by 60 inch laminated mahogany Clark Y airfoil, as
shown in Figure 1. With the first modification, the (Clark
Y-A, the sharp leading edgze was 1 per cent of the wing
chord ahead of the original leading edge, and with the sec-
ond modification, the Clark ¥-B, this projection was 2 per
ceat. )

The 7 by 10 foot wind tunnel together with its balances
and rotation gear is described in refereance 2. TFor free—
autorotation tests the model ig mounted on a shaft parallel
to the air flow.-and supported freely on ball bearings. The
forced~rotgtion tests are made with the same shaft driven
by an electric motor,

All the present tests were made at the same air speed
(80 m.p.h.). The forced-rotation tests, which were made to
show the tendenecy of the rotation to increase or to damp
out, all were made at one rotational velocity corresponding
to a value of the coefficient

B!b = 0,05
2V

waere p! 1is the sgngular velocity about the wind axis, D
is the span of the wing, and V is the air velocity. This
value has been indicated by flight experiments to be the
highest rolling velocity likely to be encountered in flight
in gusty air while the pilot is attempting to hold a steady
course.

Tegst in the variable-~density tunnel.— The variable-
density tunnel and the methods used in the airfoll tests
are described in reference 3.
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Results B

Lift.- Values of the 1ift and drag coefficients for
the different angles of attack are given for the original
Clark Y airfoil and the two modifications in Figure 2, the
coefficlents for all the airfoils being bssed on the total
area~ Both modifications give maximum 1ift coefficients 13
rer cent lower than the original Clark ¥ but their 1ift
curves still have a definite negative slope just above the
stall. The curves of the normal-force coefficient against
angle of attack (fig. 3) also have decided negative slopes
in the region Just above the stsll., This result indicates
that under the conditions of the present test the sharp
leading edges should reduce the autorotation tendencies
gomewhat but not to the extent indicated by the varisble~
density tunmnel tests with the modified GBttingen 398, where
the maximum 1ift coefficient was reduced 26 per cent and
the negatlive slope of the normal-force coefficient curve
was reduced to a relatively small value. For this reason
the following check tests were made with a model of the
Clarlzx Y-B airfoil in the variable~density tunnel.

Checlk tests in varisble-density tunnel.- A 5 by 30
inch aluminum alloy model was tested at the Reynolds Number
of the 7 by 10 foot tunnel tests (609,000), and at Reynolds
Numbers of 167,000 (1 atmosphere) and 3,120,000 (20 atmos-
pheres). As shown on Figure 4, at & Reynolds Number of
609,000 the value of Cimgx 8nd the angle at which it oc-

curred were approximately the same as in the 7 by 10 foot
tunnel test, but the 1ift coefficient did not decrease as
rapidly beyond the maximum,

It was thought that the leading edge of the variable-
density tunnel model might have been appreciably sharper
than that of the 7 by 10 foot tunnel model which was formed
of Plasticine., The leading edge of the variable~density
funnel model was therefore rounded until the chord was
shortened by 0.010 inch. The form of the point is shown by
the magnified sketch on Pigure 4, This model was then
tested at 1 and at 20 atmospheres. The lift-curve peak was
flattened at 20 atmospheres and sharpened at 1 atmosphere,
but the shave beyond the stall was not altered appreciably.
It is concluded that the discrepancy between the curves
from the variable~density tunnel and 7 by 10 foot tunnel
tests should be attributed to a difference in the nature of
the air flow in the tunnels, '
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Drag.- The profile-drag coefficients are plotted
agalinst 1ift coefficient for both the 7 by 10 foot tunael
tests and the high Reynolds ¥umber variable-density tunael
tests in Figure 5. The valnes are, of course, lower for
tae variahle-density tunnel tests made at & large value of
the Reynolds Numter, but the results from bota tunnels
agree in showing a slightly lower minimum profile drag for
the sharp leading-edge section than for the original Clark
Y.

Forced rotgtion.,~ The results of the forced-rotation
tests are given in terms of a coefficient of rolling moment
due to rolling

¢ = rolling moment
A g bs
where gq is the dynamic pressure, b 1is the span, and S

igs the area of the wing. Moments alding rotation sre con-
sldered positive. The values of C, plotted arainst anzle

of attack are given for both directioms of rotation in Fig-
ure 6., The maximum values of O indiceting instadbility

which were found with either of the sharp leading-edge air-
foils are only abonut one~third that for the original Clark
Y. The tendency to auntorotste is therefore greatly reduced
with either form of sharp lesding edge, both being about
the same in this respect. The angle of attack for initial
instability 1s about the same for the original Clark Y aund
the Clark Y-A, but the Clark Y-B becomes unstable at a
slizhtly lower angle of attack, as would be expected from
an examination of the 1lift and rormsl-force curves.

Free autorotation.- The rate of gntorotation is shown

: " p'b ,
for each of the airfoils by the curves of Y against an-

gle of attack in Figure 7. It will be noticed that even
thoush the tendency to start to autorotate, as shown by
Figure 6, is greatly reduced by the pddition of either of
the sbarp leading edges, the final rate of free autorota-
tion is about the same as that of the original Clark Y
tihroughout most of the angle-of-attack range. The maxiinum
rotational velocities are definitely lower with the sharp
leading edges, but not by a great amount.

The Clary ¥-B started to antorotate at an angle of at-
tack 3° lower than eitiker the original Clark Y or the Clark
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Y-A,:which is in approximate agreement with the indications
given by both the forced rotation and the 1ift and drag
tests. .. oo —- - -

Conclusions

1.. Both the sharp leadlng edges tested reduced the
maximum unstadle rolling moment tending to start autorota-
tion to about one-third the value for the origimal Clark Y
airfoil, but neither had.a sudbstantial effect on the final
rate of free autorotation,

2. Both the sharp leading edges reduced the maximum
1ift coefficient 13 per cent in the 7 by 10 foot tunnel
tests, The high Reynolds Number test of the Clark Y-B in
the Varlable—density tunnel - showed & reduction of 29 per
cent.

PART II - FLIGHT TESTS SHOWING EFFECT ON THE
SFIN AND PERFORMANCE OF THE XN2Y-1 AIRPLANE

By Nathan F. Scudder

Apparatus and Method

The airplane with which these tests were made was a
small Naval training biplane powered with a Warner engine.
The dimensions and arrangement of the alrplane are given in
the 3-view drawing of Figure 8. The basic airfoil section
of the wings of thig airplane was presumably the Clark TM~15
but the nature of the wing construction was such as to per-
mit of considerable fabric sag with the result that the
wing sections were differsent from the Clark T¥-15 section
and also from the sections tested in the wind tunnels. An
additional effect of the fabric sag was to produce a marked
irregularity of the nose portlon of the wing midway between
the ribs. This irregularity will be discussed later.

The leading-edge modification was dbuilt up by bending
strips of thin sheet duraslumin on the smallest possible ra-
dius to forma V and mounting these strips on triangular
blocks having one edge formed to fit the nose of the wing.
The strips were put in place on the nose of the wing and

Vi 0y e il
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made secure with pieces of fabric doped down over the lead-
ing—~edge strips and baclk on the upper and lower surfaces of
the wilng.

The leading-edge strips were of such dimensions aand
were mounted in such a position on the nose of the wings as
to conform with a section derived by choosing a point 2 per
cent of the chord ahesd of the nose and 3.2 per cent of the
cuord above the chord line of the basic airfoil, and draw—
ing two strailght lines from thig point tangent to the upper
and lower profile curves. The new profile thus formed, as
well as the basic profile, is shown in Figure 9. Ordinates
for the basic airfoil are given in reference 4.

The section of the original wing was measured at sever-
al representative ribs to determine how uniform the rib
shapes were and how well the wing corresponded to the speci-
fied ordinates. The results of the measurements were as
follows: (a) Aft of the front spar, which is about 11 per
cent of the chord back of the leading edge, the deviations
of tl:e individnal ribs measured from a fair line were small;
(b) forwerd of the front spar the ribs showed deviations of
as mich as 0.12 inch; and (c) the failr line deviated as
mack as 0.15 inch from the specified section ordinetes. Be-
tween the ribs the shape wee more irregular than at tae
ribs. The combined effect of a rather large fabric sag
(approximately 3/8 inch) and a narrow strip of metal used
as a n2ose former caused a sharp bresk in the wing profile
at abont 1.25 per cent of the chord back of the leading
edze on both the upper and lower surfaces._ The photograph,
Figmnre 10, shows this condition.

Tre instruments for the spin messurements consisted of
a speclally arranged pin-hole camera which gave measure-
ments of the rate and axis of rotatiorn by recording a trace
of the image of the sun, an N.A.C.A., 3-component acecelearom-
eter (reference 5), a sensitive altimeter, and a stor watech
The functiom of the instrument installation wes the samre as
tiat of reference 8; namely, the complete megsurement of
forces, angular velocity, and verticsl . veloecity of the spia-
ning airplane, from which the moments, attitude angles, and
flight path could be computed. The use of the pimhole
cariera represents a depesrture from the practice described
in reference 6, since the three angular velocity recorders
were rerlaced br this instrument. The camera was provided
with a tilting base and a rotating-disk shutter so arranged
that thie rate of rotstion and direction of the axis of rota-
tion could be determined from tuhe setting of the camera and
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the trace of the sun lmage on the plate. This camera was
;operated during only one turn of the spin and since the ac-
~celerometer record covered 1,000 feet of spin a means of -
gsyHCquniying the two instruments was necessary. The syn-
chronization was accomplished by means of an suxiliary
-ulibht in the accelerometer connected in parallel with the
camera. sautter circuit.

The 1nstzuments were mounted in accordance with the
requirements outlined in references 6 and 7, the most im-
- portant one being that the accelsrometer should be mounted
a ¥nown and small as possible distance from _the center of
.gravity. The pinhole camera was mounted at the trailing
edge. of the upper wing at the center section to avoid tle

occurrence of shadows on the camera.

The apraratus used for measuring high speed in level
flight and minimum speed in & glide consisted in an N.A.C.A.
trailing air-speed head (Pitot- static) connected to an
¥.4.C,A., recording air-speed meter (reference B8) by means
of small rubber tubeg attached to the suspension cable,
Level flight for the high-speed runs was maintained by
nmeans of & .gensitive statoscope. The other instruments  em-
ployed were a sensitive altimeter and a thermometer. '

The spin tests were made by the same flight procedure

as used in the tests of references 6 and 7. Except for

the slight difference involved in using the pinh ole camera
records, the computations were made in the same manner as

in references 6 and 7. Since results of tests with several
different ballast conditions without the sharp leading-edge
strips were available, tests with several ballast condi-
tions were made with the leading-edge strips for comparison.

Because of the occurrence of ogcillations in the smins,
the tests reported herein were restricted to a smaller num-
ber than that preferred for this type of investigation.

The oscillations seemed to be induced dy the entry unless
extreme care was exercised to avoid "whipping," or by at-
mospheric turbulence at any stage of the spin. Once
started, the oscillations would usually persist for the re-
mainder of the spin, but in a few cases the spin became
steady after.having been unsteady for a number of %turns.

On account of this tendency to oscillgte, the spins were
made in still air early in the morning whenever possible,

The high speed in level flight was obtqined by tekiang
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the average sneed over a 30-second test (made after high-
speed equilibrium had been established) in which level
flight was, maintsined by means of a statoscope to approxi-
mately 12 feet of altitude. The possible error in these
tests resulting from variation of engine performance with
air temperature and density was held at a minimum by choos-
ing conditions for tests such that the variation of these
factors was very small. The tests were run under practical-
ly staadard sea—-level conditions.

The naximum 1lift coefficient was calculsted from datae
obtained in glides in which the velocity along the flight
path was recorded by means of the instrument connected to
the trailing Pitot-static head, and the vertical velocity
was determined by timing a 500-foot loss of altitude as
indicated by the sensitive altimeter. The minimum air
speed and corresyonding glide angle were determined from a
fair curve drawn through a vector plot of the velocity along
the flight path and the vertical component measured in sev-
eral glides at angles of attack near that for maximum 1ift
coefficient. (Fig. 11.) As OCOp at minimum gliding speed
is very close to chax (within 0.5 per cent) the calcu-

lated value for that condition was taken as the maximum

1ift coefficient. The airplane weight used in the calcula-
tions was corrected for the weight of fuel consumed in-
flight. During the glides tae propsller was operating close
to the V/nD for zero thrust.

Precision

The estimgted precision of the spin measurements was
sunmarized in reference 7 as follows: "angular velocity, 3
per cent for each component; acceleration 0.05 g; interval
of altitude, 5 per cent; weight 1 per cent; moments of in-
ertia 1 per cent." The precision of the angular velocity
menrsnrement in the present case 1s probably slightly better
thaan in former tests owing to the use of the pinhole camera.
The improvement is indicated by the fact that the calculated
vertical-force component showed less variation from unity
than formerly. The estimated precl!sion of the other guan-
tities is as quoted from reference 7.

For comparative purposes the valwe of V __ and

CLmax can be regarded as accurrate to within +0.6 m.p.h.
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and + 3 per. cent; respectively.  The absolute values are .
probably only slightly less accurate.

- Results and Discussion . .
: TLe results of the measurements for the steady spin.are
given in Table I (airplane comdition), II (instrument data),
and ITI (computed results). The effect of the sharp leading
edge om ‘recovery was to give.a pronounced increase in effec~
tiveness of the controls. With.the gharp leading edge in
place ‘1t was necessary to manipulate the. elevator. with care
to avoid coming out of the spin in a steep dive. In splte
of this increased elevator. effectiveness .approximately the
same height was required for reqovery with the sharp leading
edbe as without it. . .
. The performance results are as followe'.
. . . i bt

Max.'speed c.
.m.p.h. | -lmax

"With sharp leading ' ' .
edge 794,07 11.10

Without sharp lead- ) .
ing edge T 98.2 1.19

) "The effect of the sharp leading edge on the spin shown
By the results in Table III may be summarized as follows:
Angle of ‘attack was decreased about 10° for the case of the
normal’ a1rplane loading (25° for the extreme condition);
sideslip changed from inward to outward; ‘rate of rotation
decreased to roughly 85 per cent of rate of rotation with~
out the'sharp nose. All of these are desirable changes in
the spin.. The change to outward sideslip is especially de-
51rable, since the effectiveness of the fin and rudder is
greater with outward than wita inward sideslip. . The verti-
cal velocity, on the other hand, was greater with the sharp
lezading edge.than without it. A further result was that
with the sharp leadlingz edge the spir was insensitive to the
addition of ballast along the lateral axis. This condition

T N T TR
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follows from the fact that sideslip was outward and that g,
the angular velocity in piteh, was almost zero.

The improved effectiveness of the controls may be ex-
pected as a result of the lower angle of attack, and the
outward sideslip of the spin &s a result of the sharp lead-
ing edge. The tendency of the airplane in this condition
to terminate the recovery in a steep dive offsets any im-
provement in altitude required for recovery that may have
resulted from the improved control effectiverness. Since in
its normal condition the airplane reguired only a trifle
over one turn to recover, 1%t was difficult to detect & real
difference in the number of turns for recovery.

The sharp leading edge produced a detrimental effsct
on the high sreed and. COppgx. The reduttion in high speed
was unexpected inasmuch as the wind-tunnel tests indicated
a slightly favoratle rather than a detrimental effect on
minimum drag. At present no satisfactory erplanation of
this apparent discrepancy seems possible, although it is
worth noting that because of the irregular shape of the
airplane wings the sharp nose installation on the airplans
can not be considered eguivalent to that on the wind-tunnsel
models. The reduction in Cppax found in the flight tests
agrees with the wind-tunnel results except in magnitude.
This difference may be attributed to such factors as bi-
plane affect, difference in Reynolds Number, and irregular-
ity or the surfaces of the airplane wings. These disadvan-
tages found with the sharp leading edges indicate a very
limited applicability of the device as a method of control-
ling dangerous spins.

Corelusions

1. A sharp leading edge added to a thick or moderately
thicix wing produces favorable effects on the spin. It
causes a decrease in angle of attack and rate of rotation,
induces outward sideslip, and males the controls more ef-
fective.

2. The effect of a2 ghaerp leading edge on the general
perfornance of the airplane was unfavorable. The maximum
speed was decreased 4 per cent and the value of Opn,, was
decreased about 7.5 per cent on the airplane tested.

Langley Memorial Aeronautical Laboratory,
Wational Advisory Committee for Aeronautics,
Langley Pield, Va., January 18, 1933.
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TABLE

I

Alrplane Conditions

C.Z. per W Momental ellipsocid constants¥*
(roup Teat Ballast position| cent mean ER 2 Py S Al T
numbers chord 1b./ft0 | slug ££.°| slug £t.°| alug £t.7|deg.
A 45 10 1b. in rear 38.0 7.95 836 985 1,425 0 ]
B | 50, 83 | 134 1b, at wing 31.5 8.62 1,252 940 1,796 0 !, With
tips sharp
nese
C | b4, 56,| 48 1b. in rear 40.0 8.20 836 1,150 1,590 0
58
D 59 No ballast 31.5 7.95 836 940 1,380 0 |
A
By | 82, B4,| 134 1b. at wing 31.5 B.88 1,258 943 1,813 0
85 tips 5 With-
f out
Co | 88, 89, 48 1b. in rear 40.0 8.8 842 1,154 1,608 0 sharp
S0 nose
Do | 38, 40,| No ballast 31.5 7.74 859 941 1,384 o )
41 I _

*See reference 6 for definitions of constants.
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TABLE TI
Instrumeat Data
hccelerometer Angular velccity resdings
readings ) Vertical
Test X ¥ . Z D g r velocity

No. W w W rad./sec. rad./sec. rad./sec. ft./sec.
45 [0.1050.0661.43| -1.95 ~-0.042 -1:gg“_”' Bé:é
50 [ .078 | .032}1.43| -2.14 -.011 -1,91 80.9
53| .094 | .024}1.39] -2.08 023 -1,91 E7.0
54 | .086| .034!1.28| -1.50 .008 -1.60 84.7
56 | .085] .023]1.28 vi.52 072 —1.62. 67.0
58 | .08} .030{1.33{ ~1.55 .059 ~1.50 87.0
59| .09k} .02411.35] -2.01 -.058 -1,91 87.7
82, .028 .04211.14 -1.458 738 -3.82 63.8
84| .056| .037[1.13! -1,53 .758 -4,32 68.7
85} .042 | .054 1.14' -1.46 .770 -4.20 57 .5
88 |-.172 |~.064 1.12I -1.27 .790 -2.78 74,9
89 |~.154|-.055!1.15| -1.23 .B15 -2.83 75.8
90 =.153 -.022[1.l7| -1.37 719 -2.73 &7
38 ~.054 —.012!1530 -1.82 . 531 ~2,54 75.8
40 =~ .045(~.024{1.301 -1.71 » 487 -2.49 73.8
41 |-.042 .009!1.31i -1.36 . 341 -2.37 75,1




TABLE III

Computed Spin Results

Resultant| Angle of|ansle of|Glide |Velocity|Radius|Spin co-
Group Test |angular |attack sideslip| path elong efficient Moment coefficient
mumbers|vel. Q x ] angle | £light ft. A
rad./sec.| gz, deg. deg. | path -+
v Ob Cl Cp Cp
Lt Innn n—
&UIIDUMI ~ L
|
Al & | 2.8 43,1 8.5 |-2.6 ; 90.1 ! 4.3 | 0.416 |0.000690 |-0.855 |~0.000246
B |50, B3] =2.84 4l.8 7.0 -82.8 89.6 ! 3,9 SAdd ~.000208; -.330; .000081
|
C | 54, 56| 2.18 45.3 7.1 -Bl.8 B7.1 i 5.6 351 -.000682 ¢ ~.397 | -.000477
58
D 59 .77 43.5 B.3 | ~8.1 B8.& 3.8 . 439 00119 | -.324| .000297
B, | 8, B4 4.44 68.7 =7.7 -87.1 | 57.1 0.7 .926 ~.0975 ~.911 0127
0 &5 :
I
C,| 88, 89 ] 3.15 63,4 -9.3 -R4£.9 i 75.4 2.2 .586 ~.0279 -.739 | -.00890
90 :
S R
D, ; %8, <0 3.05 i 53.e ! 2.3 ' -83.8 , 75.4 |=2.B .585 — 0143 ~.B7E| -.00257

* Angle of attack referred to x axis (parallel to principal axis and

thrust line).
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Figure 9.-Clark YM-15 airfoil with 2 per cent chord sharp nose strip
added.
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Normal force coefficient, Cy
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Figure 3.-Variation of normal force coefficient with angle of attack.
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Enlarged sketch

Fig. 4
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tested under different conditions
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Angle of attack, degrees

Figure 6.-Variation of rolling moment due to rolling
with angle of attack. Forced rotation tests.
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Fig.8
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Figure 8.-Three-view drawing of XN2Y-1 airplane.
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Pigure 10.-Noge of airplane wing before the addition of the sharp leading edge.
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